REMARKS 



Claims 1, 3, 4, and 6- 10 are pending. 

Claims 1 and 4 are rejected under 35 USC 112, first paragraph, because the 
specification is not enabling for using aminoglcoside antibiotics to treat diseases other than 
glaucoma that are caused by premature stop mutations in a gene. In response, Applicant has 
amended Claims 1 and 4 to recite open-angle glaucoma. Support for this amendment can be 
found in the Specification at, for example, page 1. line 28 - page 2, line 10, and page 4, line 
13-21. 

Claims 1, 2, 4, 5, 7, and 8 are rejected under 35 U.S.C. 102(a) as being anticipated by 
Miller et al. (Journal of the American Animal Hospital Association, 2000, Vol. 36 No. 5, pages 
431 - 438) in light of Alward et al. (New England Journal of Medicine, 1998, Vol. 338 No. 15, 
pages 1022-1027). According to the Examiner, Miller discloses methods of using a topical 
eye drop composition comprising gentamicin to treat glaucoma in dogs. The Examiner cites 
Alward et al. for its disclosure that "glaucoma is associated with stop mutations in the GLC1A 
gene. Additionally, the Examiner rejected Claims 1-10 under 35 U.S.C. 103(a) as 
unpatentable over Miller et al. and Barton-Davis et al. in light of Alward et al. on the same 
basis as the Section 102 rejection and assertions that it would be obvious for one skilled in the 
art to optimize the concentration of antibiotic and that the determination of the specific etiology 
of the glaucoma (i.e., the specific mutation) would necessarily be part of any treatment 
regiment. 

Applicant respectfully traverses the rejections of Claims 1, 2, 4, 7, and 8 under §1 02(a) 
and Claims 1-10 under §1 03(a). Miller et al. compared the ability of a beta blocker drug, 
betaxolol, to a combination of demecarium bromide and a topical corticosteroid in their ability 
to prevent glaucoma in the fellow eye of dogs with unilateral, primary closed angle glaucoma. 
The corticosteroid happened to itself be a combination product of gentamicin and 
betamethasone. There is no indication that the gentamicin was important or played any role in 
the study. 

There is a very well-recognized distinction between closed-angle glaucoma and open- 
angle glaucoma. One skilled in the art would expect the use of a corticosteroid - in this case 
a combination of gentamicin and betamethasone - in the treatment of closed-angle glaucoma. 
Indeed, the Miller et al. reference indicates that corticosteroids are one of the three types of 
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drugs commonly used to treat closed-angle glaucoma in dogs (See Miller et al, page 431, last 
line of the first paragraph of the Introduction). In contrast, however, one skilled in the art 
would not use a corticosteroid to treat open-angle glaucoma because corticosteroid therapy is 
known to exacerbate the elevated IOP of glaucoma patients (i.e. almost all open-angle 
glaucoma patients are "corticosteroid responders"). See Clark, et al., "Steroid-Induced 
Glaucoma," Glaucoma Science and Practice , 2003, Chapter 18 (pp. 197 -206); and Clark, 
"Steroids, Ocular Hypertension, and Glaucoma," Journal of Glaucoma, 4(5):354-369, 1995. 
Copies of these two references are attached to this paper for the convenience of the 
Examiner. Thus, one skilled in the art would not be motivated to use the "corticosteroid" 
(gentamicin/betamethasone combination) of Miller et al. in the treatment of open-angle 
glaucoma. Moreover, there is no indication or suggestion in either the Miller et al. or the 
Alward et al. references that a premature stop mutation is associated with closed-angle 
glaucoma. One skilled in the art willing to ignore the fact that corticosteroids should not be 
used to treat open-angle glaucoma would have no reasonable belief that such corticosteroids 
(or antibiotic/corticosteroid combinations) would effectively treat open-angle glaucoma caused 
by a stop mutation in an open-angle glaucoma gene. 

Applicant believes that the above amendments and remarks have placed Claims 1, 
3, 4, and 6 - 10 in condition for allowance. Accordingly, allowance of the claim in this 
application is respectfully requested. 
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; Steroid-Induced 
Glaucoma 

Abbot F. Clark, Ph.D., and John G Morrison, M.D. 



Although relatively rare, steroid-induced glaucoma pre- 
sents several connections with primary open-angle 
glaucoma (POAG). These include a stronger tendency 
to develop steroid response in the families of patients 
with POAG, and recent discoveries of tantalizing con- 
nections between the glaucoma gene, MYOC (GLC1A, 
TIGR), and its glucocorticoid induction in the trabecular 
meshwork (TM). Alterations in TM cell function, mor- 
phology, extracellular matrix production, and the 
cytoskeleton also occur in both of these conditions. 
These similarities suggest that steroid- induced glaucoma 
may provide important insights into the genetics and 
cellular mechanisms of POAG. 

Clinically, steroid-induced glaucoma is characterized 
by highly elevated intraocular pressure (IOP) and is always 
associated with glucocorticoid administration. The eyes are 
quiet, and the angle appears normal by gonioscopy. Pres- 
sure elevation generally correlates with the steroid dose and 
is most common with topical and periocular administration, 
although it can also follow systemic, and even inhaled, 
steroid use. Because these eyes are generally asymptomatic, 
diagnosis relies on appropriate recognition and monitoring 
of patients at risk. Failure to recognize and control elevated 
pressure can result in characteristic glaucomatous optic 
nerve damage and irreversible visual field loss. 

This glaucoma is best treated by withdrawal of the 
steroid preparation, and standard topical glaucoma man- 
agement, as needed. However, elevated IOP can persist 
in some cases, suggesting either conversion or an under- 
lying predisposition to develop POAG. Persistent glau- 
coma requires chronic medical management, and occa- 
sionally, laser treatment or standard filtration surgery. 

Background 

The discovery of glucocorticoids was a major breakthrough 
in the treatment of inflammatory and autoimmune 
diseases, both systemic and ocular. However, their wide- 



spread use has uncovered many serious side effects, includ- 
ing ocular hypertension and iatrogenic glaucoma. First 
reported by McLean, Stern, and Francois 1 " 3 in association 
with systemic administration of glucocorticoids, this sec- 
ondary glaucoma is clinically similar to POAG and can 
cause similar irreversible visual field changes. Numerous 
reports, summarized in several detailed reviews, 4 ~ 7 fol- 
lowed this initial discovery, documenting the development 
of steroid-induced ocular hypertension and secondary 
glaucoma with various glucocorticoids and routes of 
administration. 

In the early 1960s, Armaly 8 and Becker 9 indepen- 
dently studied- the effect of the potent glucocorticoids 
dexamethasone and betamethasone on IOP. Topical 
application of 0.1% formulations three to four times a day 
for 4 to 6 weeks produced three levels of response in the 
normal population: (1) 4 to 6% of individuals, termed 
"high responders," developed pressures above 31 mm 
Hg, or increases greater than 15 mm Hg above baseline; 
(2) one third of the population were "moderate respon- 
ders," with pressures between 20 and 31 mm Hg, or pres- 
sure rises of 6 to 15 mm Hg; and (3) the remainder were 
"nonresponders," with IOPs less than 20 mm Hg and 
pressure increases less than 6 mm Hg. 

When retested for steroid response, the nonresponder 
and moderate responder groups showed some variablity 
in the magnitude of IOP elevation. However, greater than 
98% of those individuals initially catagorized as high 
responders remained either high or moderate responders. 10 
Although initial reports suggested that steroid responsive- 
ness was inherited in a simple Mendelian manner, 9 results 
of twin studies and the variable reproducibility of the 
steroid response have challenged this view. 10 ' 11 However, 
there still remains a strong link between steroid-induced 
ocular hypertension and POAG. 6,7 

Administration of topical ocular glucocorticoids to 
patients with POAG. produces a moderate to high 
response in nearly all subjects, 12,13 and descendents of 
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POAG patients demonstrate a higher rate of steroid 
response than the general population. 1415 Finally, both 
prospective and retrospective clinical studies indicate that 
normal individuals classified as high steroid responders 
are more likely to develop POAG. 16 ' 17 These findings have 
led some to suggest that testing for steroid responsive- 
ness may identify patients at risk for developing PpAG. 
However, this has not become routine practice because 
of variability in the extent of the response 10 and the per- 
ceived potential risk to normal individuals. 

Among other groups of patients, both diabetics 18 and 
high myopes 19 also have higher rates of steroid responsive- 
ness compared with the general adult population. Studies in 
children are conflicting. Whereas one study of Israeli chil- 
dren reported lower rates of steroid responsiveness, 20 rates 
in Japanese 21 and Chinese 22 children may be higher. 

In addition to the responder status of the patient, the 
development of steroid-induced ocular hypertension also 
depends on the potency, duration, and dose of the steroid; 
its route of administration; and its ability to enter the eye. 6 
In general, those agents with the greatest anti-inflammatory 
efficacy and the highest affinity for the glucocorticoid 
receptor are most likely to induce ocular hypertension. 
Routes most apt to induce ocular hypertension are topical 
ocular administration as well as intraocular or periocular 
injections. The steriod response can also develop after 
receiving systemic glucocorticoids, or glucocorticoids 
applied to the skin, intranasally, or by inhalation. 4 ' 6 



Topical ocular steroids can also generate ocular 
hypertension in rabbits, 23 ' 24 cats, 25 ' 26 and monkeys. 26 ' 27 In 
monkeys, approximately 40% of otherwise normal ani- 
mals develop increased IOP. This response is both re- 
versible and reproducible. 28 

Pathophysiology 

Steroids cause a number of cellular, biochemical, and 
molecular changes in the TM. 7 One or more of these 
changes, many of which resemble those of POAG, could 
produce increased resistance to aqueous humor outflow, 
elevated IOP, and, eventually, glaucomatous optic nerve 
damage (Table 18-1). 

Human eyes with steroid-induced glaucoma have 
increased deposition of extracellular material in the tra- 
becular beams, as well as fingerprint-like deposits in the 
uveal meshwork and fibrillar deposits in the juxtacanalic- 
ular tissue of the TM (Fig. 18-1 A-D). 29 " 31 Tissue culture 
experiments using isolated, human anterior segments in a 
perfusion chamber show that glucocorticoids can have 



TABLE 1 8- 1 Effects of Glucocorticoids on the Trabecular Meshwork 



TM Cell Function 



TM cell morphology 



TM extracellular matrix (ECM) 



TM cytoskeleton 



TM cell junctional complexes 



TM cell gene expression 



Inhibition of proliferation and migration 41 ' 43 
Inhibition of phagocytosis 43 ' 44 

IOP elevation and decreased hydraulic conductivity* 31 ' 46 

"Activation" of TM cells (increased endoplasmic reticulum, 

Golgi complexes, and secretory vesicles)* 29 ' 33 

Increased TM cell size and nucleus size 33 

Increased capacity for biosynthesis 33 

Increased deposition of ECM material in TM* 29 " 31 

Increased expression of fibronectin,* laminin, collagen, and elastin 34 " 37 

Decreased expression of t-PA and MMPs 7 ' 39 "* 0 

Altered expression of glycosaminoglycans (decreased 

hyaluronic acid and increased chondroitin sulfate)* 7,38 

Thickening of trabecular beams* 29-01 

Formation of cross-linked actin networks* 33 ' 41 

Increased expression of select actin-binding proteins 

Generation of microtubule tangles 33 

Increased resistance to cytoskeletal disruption 

Altered gap-junction morphology 

Altered expression of the tight junction protein ZO-1 46 

Altered expression of select integrals 35 " 36 

Increased expression of the glaucoma gene MYOC (TJGR)* 7 ' 48,49 ' 53 
Increased expression of select ECM molecules 34 " 37 
Decreased expression of MMPs 7 ' 39 " 40 



* Indicates alterations observed in primary open-angle glaucoma. TM, trabecular meshwork; IOP, intraocular pressure; 
t-PA, tissue plasminogen activator; TCGR, trabecular meshwork induced glucocorticoid response; MMP, matrix metalloproteinase. 
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FIGURE 18-1 Morphological effects of glucocorticoids on trabecular meshwork tissue. (A) Transmission electron microscopy 
of the outflow pathway of a normal perfusion-cultured human eye. (B) The outflow pathway of a perfusion -cultured human eye 
with DEX-induced ocular hypertension, showing accumulation of fine fibrillar material (asterisk) and cellular debris (arrows). 
(C) The trabecular meshwork (juxtacanalicular tissues and canal of Schlemm) of a 60-year-old patient with steroid -induced 
glaucoma from systemic prednisolone administration. Fine fibrillar extracellular material (star) appears within the juxtacanalicular 
tissue and is increased adjacent to the outer wall endothelium (arrowheads). (D) Higher magnification of fingerprint-like 
extracellular material in the trabecular meshwork of a 13-year-old patient with glaucoma induced by topical ocular steroids. SC, 
Schlemm's canal. [(A) and (B) were reproduced with permission from Clark AF, Wilson K, deKater AW, Allingham RR, 
McCartney MD. Dexamethasone-induced ocular hypertension in perfusion cultured human eyes. Invest Ophthalmol Vis Set 
1995;36:478-489. (C) and (D) courtesy of Douglas Johnson> M.D., and reproduced with permission from Johnson D, Gottanka J, 
Flugel Q Hoffman F, Huta T, Lutjen-Drecoll E. Ultrastructural changes in the trabecular meshwork of human eyes treated with 
glucocorticofds. Arch Ophthalmol l$97;115:373-383.) 
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direct effects on the TM. 31 Thirty percent of such eyes 
develop ocular hypertension, similar to the steroid 
response rate in the normal human population. This ele- 
vated IOP is associated with increased deposition of 
extracellular matrix molecules, which has also been 
reported in the outflow pathway of patients with P@AG' 32 



Steroids can cause a number of cellular and bio- 
chemical changes in the TM, and the challenge is to 
determine which of these produce ocular hypertension 
and steroid-induced glaucoma. Steroids can directly affect 
the morphology of TM cells. This includes increasing 
nuclear and cell size and increasing the endoplasmic 
reticulum, Golgi complex, and secretory vesicles, all of 
which suggest activation of TM cells and an increase in 
their protein biosynthetic capacity. 33 

Several biochemical studies in TM cells now support 
these morphologic findings, showing that steroid treat- 
ment increases the production of extracellular matrix 
(ECM) proteins, 34 ~ 37 and alters expression of glycosa- 
minoglycans. 7 ' 33 In addition, glucocorticoids may further 
encourage the deposition of ECM molecules in the mesh- 
work by suppressing the expression of extracellular pro- 
teinases, 7 ' 39,40 which normally help turn over the ECM. 

Steroids can produce a dramatic reorganization of the 
TM cell cytoskeleton. 33 ' 41 In glucocorticoid-treated TM 
cells, the actin microfilament network, normally orga- 
nized into bundles of filaments, become rearranged into 
geodesic dome -like structures, known as cross-linked 
actin networks (CLANs) (Fig. 18-2A,B). The rime-course 
for the formation and reversibility of CLANs closely cor- 
relates with that for the induction of glucocorticoid- 
mediated ocular hypertension. 41 CLANs also appear to 
occur in TM cells isolated from donors with POAG. 42 

Steroid-induced alterations in the TM cytoskeleton 
may lead to decreased proliferation, 41 ' 43 migration, 41 and 
phagocytosis 43 ' 44 df TM cells. Reduced proliferation and 
migration likely produce the diminished cellularity seen in 
the TM of patients with steroid-induced glaucoma. 
Because these cells are normally highly phagocytic and 
provide a "self-cleaning filter" function to the TM, inhibi- 
tion of phagocytosis may lead to progressive accumula- 
tion of extracellular debris, a "clogging" of the meshwork, 
and increased aqueous outflow resistance. 45 

Steroids can also alter gap junctions (protein complexes 
that couple TM cells together) and mediate cell-to-cell com- 



munication. In addition, steroids may tighten connections 
between cells and increase aqueous outflow resistance. 46 
Glucocorticoids also can change the expression of several 
TM cell integrins, 35 ' 36 which are ECM receptors found in the 
cell membrane linked to the actin cytoskeleton, further 
affecting TM cell function and migration. 

The recent discovery of the first glaucoma gene 47 pre- 
sents another potential connection between POAG and 
steroid-induced glaucoma. This gene, variously named 
GLC1A, 47 TIGR (trabecular meshwork induced glucocorti- 
coid response), 48,49 and MYOC (the current, preferred 
name), 50 is a glucocorticoid-induced gene expressed in the 
TM. Initially discovered as the gene responsible for the 
autosomal dominantly inherited form of juvenile glaucoma, 
the myocilin gene is involved in a small, approximately 4%, 
subset of adult onset POAG. 51 ' 52 Specific mutations of this 
gene correlate with the development of a more severe, juve- 
nile-onset type of glaucoma, whereas other mutations 
appear to cause milder, later-onset disease. 52 Increased 
myocilin expression has also been reported in the TM of 
patients with several different types of glaucoma. 53 

Myocilin (TIGR) initially was characterized as a pro- 
tein induced by glucocorticoids in cultured TM cells 
(Fig. 18-3) 43 Although its function is currently unknown, 
myocilin appears in both intracellular and extracellular 
forms and is expressed in many ocular and nonocular tis- 
sues. Myocilin has also been found in cells of the optic 
nerve head, 54 where it may play a role in glaucomatous 
optic nerve damage. 

Recent work has shown that glaucomatous mutations 
in MYOC prevent myocilin from being secreted from TM 
cells. 533 In addition, mice 53b and humans 53c lacking both 
copies of the MYOC gene do not appear to develop glau- 
coma. These data suggest that glaucomatous mutations in 
MYOC cause a gain of function phenotype, possibly due to 
an inadequate ability of the TM to handle misfolded 
mutant myocilin, leading to defective TM cell function. 

Some investigators suggest that myocilin is responsi- 
ble for glucocorticoid-induced ocular hypertension 43 ' 48,49 
and speculate that excessive production of myocilin leads 
to increased aqueous outflow resistance. Although the 
time-course and dose-response characteristics of myocilin 
induction in cultured TM cells closely mimic the induc- 
tion of glucocorticoid-induced ocular hypertension, it is 
not known if myocilin is responsible for, or merely asso- 
ciated with, the steroid response. Genetic studies have 
not revealed any mutations in the coding region of the 
myocilin gene to account for this response. 28 ' 55 



CONTROVERSY 

There are no definitive data that differentiate 
whether myocilin is responsible for, or merely 
associated with, glucocorticoid-induced ocular 
hypertension. 



SPECIAL CONSIDERATION 

Corticosteroids produce several alterations in 
the TM that also occur in POAG. These include 
"activation" of TM cells, increased deposition 
of extracellular matrix material, alterations of 
the trabecular cell cytoskeleton, and increased 
expression of the glaucoma gene, myocilin. 
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FIGURE 1 8-2 Effect of glucocorticoids on trabecular meshwork cell cytoskeleton. (A) Transmission electron microscopy (TEM) 
evaluation of normal TM cell showing actin microfilament bundles forming linear arrays of stress fibers. (B) TEM showing DEX- 
induced reorganization of microfilaments into geodesic dome-like structures called cross^linked actin networks (CLANs). 
[Reprinted with permission from Clark AF, Wilson K, McCartney MD, Miggans ST, Kunkle M, Howe W. Glucocorticoid-induced 
formation of cross-linked actin networks in cultured human trabecular meshwork cells. Invest Ophthalmol Vis Sci 1994;35:281-294.] 



Diagnosis and Pifferenti^ Diagnosis 

Patients with steroid-induced glaucoma have relatively 
few symptoms (Table 18-2). The IOP rise- is generally 
gradual and painless, although rare patients experience a 
typical brow ache. Decreased visual acuity usually results 
from associated subcapsular cataract, the underlying 



condition that necessitated steroid treatment or, rarely, 
from end- stage optic nerve damage. 

Eyes with steroid-induced glaucoma are quiet, with 
clear corneas (unless bedewed from elevated pressure) 
and open, normal-appearing anterior chamber angles. It 
normally takes at least several days, and usually weeks, 
to develop ocular hypertension from steroid treatment, 
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FIGURE 1 8-3 Expression of the glaucoma gene MYOC in 
cultured human trabecular meshwork (TM) cells treated with 
dexamethasone for 2 weeks. Myocilin is found intracellularly 
as discrete particles, (stained red-yellow) surrounding the 



nucleus. Actin microfilaments are stained green. In many of 
the TM cells, myocilin is found inside "cages" of cross-linked 
actin networks (CLANs). 

and the IOP usually remains elevated, often in the 30 to 
60 mm Hg range, for as long as the patient receives the 
agent. Although steroid-induced ocular hypertension is 
generally reversible, several reports document continued 
IOP elevation, even long after withdrawal of the 
steroid. 56 " 58 This may depend in part on the dosage and 
duration of treatment because eyes with longer treatment 
are more likely to demonstrate a sustained pressure rise. 

The optic nerve damage from steroid-induced glau- 
coma appears typical for all glaucomas, ranging from gen- 
eralized cupping to vertical elongation of the optic cup 
and focal notching, erosion, and undermining of the disc 
margin (Fig. 18-4A-C). Visual field loss appears similarly 
characteristic. Although the steroid-induced IOP eleva- 
tion is reversible in most cases, damage to the optic nerve 
and visual field is not 

The major differential diagnosis of steroid-induced 
glaucoma is POAG (Table 18-3). The history of steroid use 
can be key to making this differentiation. Because many 
people do not include topical skin preparations when 
responding to the general query regarding what medicines 
they take, they must be specifically questioned about topi- 
cal as well as ocular and systemic medications. If the 
patient does use topical corticosteroids, determining the 
strength of preparation, the site of application, and the fre- 
quency is important because the extent of pressure rise can 
be proportional to the dose received by the eye. As stated 
earlier, patients with' a family history of glaucoma are more 
likely to develop a steroid response, as well as POAG. 

The clinical course may also help make the diagnosis, 
which may only be evident after the suspected offending 
agents are discontinued. Onset of IOP elevation gener- 
ally occurs after days to weeks of administration, although 
acute increases (within hours) have been reported in 
POAG patients. 59 In general, IOP returns to normal fol- 
lowing discontinuation of glucocorticoids. 



TABLE 18-2 Diagnosis of Glucocorticoid-Induced 
Glaucoma 

History History of steroid use (any route) 

Family history of glaucoma or 
'\ ; steroid-induced glaucoma 

Symptoms Generally few 

v Decreased vision secondary to corneal 

edema, end-stage visual field loss, 
steroid-induced cataract or the underlying 
condition 

Signs Occasional epithelial edema from IOP 

Open angle, normal appearance 
Elevated IOP, may be marked 
IOP elevation generally resolves following 
discontinuation of corticosteroids 
Typical glaucomatous optic nerve damage 
and visual field loss 

IOP, intraocular pressure. 

Because IOP may not revert to normal, it may not be 
possible to determine if these patients represent true, irre- 
versible steroid-induced glaucoma or latent cases of POAG 
that either developed coincidentally with the steroid use, or 
were unmasked by these drugs. Because IOP elevation is 
often variable, a rechallenge with the offending agent may 
be the only way to confirm the diagnosis. 

In general, ciliary flush, cells, and flare in the anterior 
chamber and, in advanced cases, anterior and posterior 
synechiae, will distinguish uveitic glaucoma from steroid- 
induced glaucoma. 

However, confusion may arise when treating active 
uveitis with intense topical corticosteroids. In this situation, 
IOP may initially be low from the inflammation itself, but 
will then increase due to suppression of the inflammation 
and recovery of aqueous humor production. This can result 
in a significant pressure rise, which may be interpreted as a 
steroid response. However, the relative rarity of steroid- 
induced glaucoma, coupled with the need for aggressive 
management of ocular inflammation, argues in favor of 
treating the uveitis until it is substantially resolved. The 
steroid dosage can then be reduced, changed to a less 
potent corticosteroid, or discontinued in favor of a "steroid- 
sparing" agent. Some cases require standard glaucoma 
therapy to allow time to treat the inflammation properly 
and wean the patient off the corticosteroids. 
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Other, less common, forms of uveitis may also present 
diagnostic confusion, such as. glaucomatocyclytic crisis, 
or Posner-Schiossman syndrome. This condition, dis- 
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FIGURE 1 8-4 A patient with severe atopic dermatitis who 
applied triamcinolone cream to the skin of his eyelids daily for 
several months, especially the left. Pressure OS at times was as 
high as 58 mm Hg. The left optic disc shows rapid progression 
of cupping from (A) May 1990 to (B) April 1991, and was 
accompanied by (C) glaucomatous visual field loss. Intraocular 
pressure at the time of the photograph in (B) was 12 mm Hg. 



cussed more fully in Chapter 26, often lacks the tradi- Steroid-induced glaucoma may paradoxically resem- 

tional signs of uveitis, with the exception of mild ante- ble low-tension glaucoma if it produces optic nerve dam- 

rior chamber reaction, discrete keratic precipitates, and age, which is then detected after the patient has discon- 

the remarkable elevation in IOP. Treatment with corti- tinued the corticosteroids and the pressure has returned 

costeroids typically helps control the inflammation and, to normal (Fig. 18-4A-C). Again, the history of steroid 

secondarily, the glaucoma. use is crucial to making the correct diagnosis. 



TABLE 18-3 Differential Diagnosis of Steroid-Induced Glaucoma 


Condition 


Differentiating Features 


Primary open-angle glaucoma 


No steroid use 




May be difficult to differentiate in cases that do not resolve after discontinuing corticosteroids 


Uveitic glaucoma 


Anterior chamber cells, flare 


Keratic precipitates, synechiae 




Treatment of uveitis with corticosteroids may produce elevated IOP due to recovery 




of ciliary body function, and may be mistaken for a steroid response 




Therapeutic dilemma arises from need to treat ocular inflammation with corticosteroids, 




both of which may elevate IOP 


Glaucomatocyclytic crisis 


Subtle anterior chamber reaction 




IOP elevation episodes independent of steroid use 


Normal- tension glaucoma 


Glaucomatous optic nerve damage with normal IOP may resemble steroid -induced 


glaucoma following discontinuation of steroids and normalization of IOP 




Lack of history of corticosteroid use 


Juvenile glaucoma 


Anterior iris insertion with flat contour 




Patient age 



IOP, intraocular pressure. 
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Juvenile glaucoma may occasionally also be confused 
with steroid-induced glaucoma. The IOP rise may be 
marked, with an open angle and quiet anterior chamber. 
Subtle signs, such as anterior insertion of the iris and a 
flat iris plane, generally help with this differentiation 
(see Chapter 17). 

Management ■ 

Prevention remains the most effective treatment for 
steroid-induced glaucoma (Table 18-4). This involves using 
these potent medications only when indicated and limiting 
dosages to those necessary to achieve the desired effect. 
However, necessary corticosteroids should never be with- 
held out of concern for creating steroid-induced glaucoma. 

When corticosteroid treatment is necessary, particu- 
larly with potent topical ocular agents and periocular injec- 
tions, the physician should always monitor the patient for 
steroid-induced glaucoma. This includes obtaining base- 
line IOP measurements, mostly to rule out pre-existing 
glaucoma. Pressure monitoring should initially occur every 
4 to 6 weeks, decreasing to once every several months after 
an initial response has been ruled out. Typically, if steroids 
are prescribed for an ocular problem, the examinations 
necessary to monitor the ocular condition, with IOP mea- 
surements incorporated at every opportunity, are sufficient 
to monitor the patient for steroid-induced glaucoma. 



SPECIAL CONSIDERATION 

Discontinuing corticosteroids can be complicated 
by the need to treat the underlying condition, the 
unpredictable rate at which the glaucoma 
resolves, and the fact that the glaucoma can per : 
sist long after the steroids are stopped. 



TABLE 18-4 Management of Steroid-Induced 
Glaucoma 

Prevention Avoid unnecessary or prolonged use of 

corticosteroids, particularly in patients with 
a family history of glaucoma 
Recognize the use of steroids by any route 
Recognize the relative tendency of different 
steroid preparations to cause glaucoma 

Treatment Carefully monitor patients on corticosteroids, 

especially those with a family history 
of glaucoma 

Discontinue steroids (if possible) 
Use alternative, ''steroid -sparing" 
medications 

Suspect POAG if IOP remains elevated after 
discontinuing corticosteroids 
Standard medical, laser, and surgical 
management to prevent glaucomatous optic 
nerve damage 

IOP, intraocular pressure; POAG, primary open -angle glaucoma. 



Although discontinuing steroid treatment may offer 
the most logical management for steroid-induced glau- 
coma, this is often not possible. Under these circum- 
stances, the steroids must simply be continued, often at 
: an. aggressive pace (such as with uveitis), to get the 
inflammation under control as rapidly as possible. Con- 
sultation with physicians responsible for any systemic 
steroid administration is also necessary, at leaist to alert 
them to the problem and request that they taper and dis- 
continue steroids as rapidly as possible. In the meantime, 
the glaucoma itself must be treated medically, at least 
temporarily, to protect the optic nerve. 

Discontinuing steroids can also present other prob- 
lems. Although stopping topical medications is relatively 
simple, the rate at which the glaucoma resolves is unpre- 
dictable, and there is no consensus as to how long to wait 
before deciding that removing steroids has not resolved 
the situation. If the glaucoma results from a periocular 
corticosteroid injection, surgical excision of the steroid can 
be done, but usually involves removing associated scar 
tissue, Tenon's capsule, and fat. 

Unfortunately, stopping corticosteroids does not always 
resolve the glaucoma. This circumstance may arise simply 
because the glaucoma has resulted as a complication of the 
underlying condition, such as uveitis, leaving permanent 
functional trabecular damage. Alternatively, the steroid may 
"unmask" a patient's latent POAG that then simply persists. 

Medical management of steroid-induced glaucoma is 
usually undertaken to protect the optic nerve, particularly 
if it is already severely damaged. The extremely high ele- 
vation of IOP seen in many of these cases may also neces- 
sitate treatment even if the optic nerve appears healthy. 

Medical treatment is usually a temporizing, measure 
until steroids can be safely discontinued. This includes the 
entire array of available topical antiglaucoma medications, 
beginning with aqueous humor suppressants. These 
include adrenergic antagonists, followed by either alpha 
agonists or topical carbonic anhydrase inhibitors. 

Latanoprost in this condition specifically has not been 
thoroughly evaluated. However, this, as well as miotics, 
may be effective, particularly as additive agents. Although 
long- term complications with either of these agents are 
generally not a concern in this self-limited condition, both 
may be contraindicated in patients with uveitis or trauma. 

The efficacy of argon laser trabeculoplasty (ALT) in 
this condition may be slightly less than in other forms of 
open-angle glaucoma. However, it is particularly attrac- 
tive when considered as a means of avoiding filtration 
surgery, particularly if corticosteroids can be discontinued 
and the need for chronic treatment is limited. 

Surgical management consists primarily of filtration 
surgery, and its success is essentially the same as for other 
open-angle glaucomas. This option should be reserved 
for those cases in which medications and laser have failed 
to control the pressure, and in which resolution through 
discontinuation of the corticosteroids is not anticipated to 
occur soon enough to protect the optic nerve. 
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Summary: Glucocorticoids (GC) can regulate aqueous humor outflow and 
have often been associated with primary open angle glaucoma (POAG). The 
ocular or systemic administration of glucocorticoids can cause the elevation of 
intraocular pressure by increasing aqueous humor outflow resistance via mor- 
phological and biochemical changes in the trabecular meshwork (TM). The 
ability of glucocorticoids to induce ocular hypertension is dependent on indi- 
vidual responsiveness, the potency of the glucocorticoid, the route of admin- 
istration, and the duration of treatment. Glucocorticoid-induced ocular hyper- 
tension occurs not only in humans, but also in rabbits, cats, dogs, and nonhu- 
man primates. Glucocorticoids have a multitude of effects on trabecular 
meshwork cells causing changes in TM protein expression, cytoskeletal orga- 
nization, extracellular matrix deposition, cell shape, and cell function. Many of 
these changes in the TM may be responsible for the generation of glucocorti- 
coid-induced ocular hypertension. There have been several reports of in- 
creased Cortisol levels, altered Cortisol metabolism, and differential glucocor- 
ticoid responsiveness in patients with ocular hypertension and POAG. How- 
ever, there is as yet no clear evidence for a causal role between glucocorticoids 
and primary open angle glaucoma. Finally, there is evidence that a variety of 
steroids of differing pharmacological steroid classes can lower the elevated 
intraocular pressure (I OP) in glucocorticoid-induced ocular hypertension and/ 
or in glaucoma patients. Continued research in the coming years should (a) 
identify the molecular mechanisms responsible for glucocorticoid-induced oc- 
ular hypertension and glaucoma, (b) determine whether glucocorticoids play a 
role in the pathogenesis of primary open angle glaucoma, and (c) determine the 
therapeutic utility of anti-glaucoma steroids. Key Words: Glucocorticoids — 
Steroids — Ocular hypertension — Trabecular meshwork. 



Steroids are a physiologically and pharmacologi- 
cally important class of hormones and drugs. A 
number of endogenous steroid hormones, including 
Cortisol (or corticosterone in rodents), aldosterone, 
testosterone, and estradiol, have been found in the 
eye (1,2), and a variety of ocular tissues have been 
shown to contain steroid receptors (3-7). However, 
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it appears that glucocorticoids are the most impor- 
tant steroid hormones in the eye. Glucocorticoids 
are generally responsible for the regulation of car- 
bohydrate, lipid, and protein metabolism. In addi- 
tion, exogenously administered glucocorticoids are 
unequaled in their therapeutic efficacy as antiin- 
flammatory and immunosuppressive agents (8), and 
are extensively used to treat a variety of ocular dis- 
eases and conditions (9,10). 

Early research suggested that glucocorticoids 
could also be used to treat glaucoma. However, it 
was soon discovered that glucocorticoid adminis- 
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tration could lead to the development of ocular hy- 
pertension and iatrogenic glaucoma (11-17). There 
has subsequently been a great deal of research on 
the role of glucocorticoids in ocular hypertension 
and glaucoma, portions of which have been previ- 
ously reviewed, including the clinical aspects of 
corticosteroid-induced glaucoma (18-20), the ocular 
antiinflammatory aspects of glucocorticoids (9), and 
the side effects of ocular glucocorticoid therapy 
(21). In addition, a recent, brief review on cortico- 
steroid glaucoma has been published (22). The pur- 
pose of the present review article is to provide a 
brief overview of steroids and glaucoma with em- 
phasis on (a) glucocorticoid-induced ocular hyper- 
tension in humans and animals, (b) the association 
of glucocorticoids with glaucoma, (c) the effects of 
glucocorticoids on the trabecular meshwork, and 
(d) steroids that lower IOP. 

GLUCOCORTICOID-INDUCED OCULAR 
HYPERTENSION IN HUMANS 

Steroid Responsiveness 

Corticosteroids were discovered to be potent an- 
tiinflammatory agents in the 1940s (23) and were 
soon utilized to treat ocular inflammation (24,25). 
The initial reports that topical ocular cortisone 
treatment (12,14), as well as systemic corticosteroid 
treatment (11,13,15), could lead to the development 
of ocular hypertension and iatrogenic glaucoma 
have been confirmed by a number of investigators 
(26-30). Armaly (27) and Becker (28) independently 
showed that the normal population could be divided 
into three categories based on responsiveness to 
topical ocular administration of a potent glucocor- 
ticoid (i.e., betamethasone or dexamethasone). 
Four to six percent of the population were classified 
as high responders, developing steroid-induced 
pressure rises of >15 mm Hg or IOPs of >31 mm 
Hg following glucocorticoid administration three to 
four times a day for 4-6 weeks. Approximately one- 
third of the population were moderate responders, 
developing pressure rises of 6-15 mm Hg or IOPs of 
20 and 31 mm Hg. The rest of the population were 
considered nonresponders with pressure rises of <6 
mm Hg and IOPs of <20 mm Hg. Both Armaly (30) 
and Becker (28) suggested that the ocular hyperten- 
sive response to topical glucocorticoid administra- 
tion could be inherited in a simple Mendelian fash- 
ion. This view has been challenged based on results 



of other studies, including differing steroid respon- 
siveness in twins (31) and the lack of absolute re- 
producibility of the test to determine steroid re- 
sponsiveness (32). Although there may be some 
variability in IOP response in the nonresponder and 
moderate responders upon rechallenge to topical 
glucocorticoid administration, 98% of patients ini- 
tially identified as high responders continue to be 
high to moderate responders upon rechallenge (32). 
As noted by Urban and Dreyer (22), only a few 
individuals in the twin study were identified as high 
responders. Therefore, the twin study could not 
conclusively demonstrate or disprove the possible 
genetic inheritance of steroid responsiveness. 

In contrast to the normal population, certain 
other groups tend to have a higher ocular hyperten- 
sion response rate when given topical glucocorti- 
coids. It has been reported that almost all primary 
open angle glaucoma (POAG) patients are moderate 
to high steroid responders (33,34), although this 
view is not universally accepted (35). Steroid- 
induced ocular hypertension has even been re- 
ported in glaucoma patients after trabeculectomy 
(36) and Molteno implantation (37). In addition to 
steroid responsiveness in glaucoma patients, a num- 
ber of studies have shown that close relatives of 
POAG patients also have an elevated rate of steroid 
responsiveness compared to the general population 
(38-41). Diabetics (42), high myopes (43), and pa- 
tients with certain rheumatic diseases (44) have also 
shown higher rates of steroid responsiveness. 

There are conflicting reports on the risk of young 
children to the development of glucocorticoid- 
induced glaucoma. A study of 44 young Israeli pa- 
tients (mean age, 10 years) undergoing 6 weeks of 
topical 0.1% dexamethasone therapy for vernal 
conjuctivitis indicated a low rate of ocular hyper- 
tension (i.e. , 11% with IOP rises of >6 mm Hg) (45). 
In contrast, a study of 1 1 Japanese children averag- 
ing 5.5 years old who received topical ocular 0.1% 
dexamethasone after strabismus surgery showed 
that nine of these children had significant IOP in- 
creases within 1-2 weeks (46). The IOP elevation 
did not appear to be due to postsurgical trauma, as 
treatment of a second group of children with a less 
potent glucocorticoid (0.1% FML) did not lead to 
the development of ocular hypertension in any of 
the patients. It is difficult to generalize from these 
studies; apparently, differences in a child's age, the 
therapeutic indication, and/or the child's ethnic 
background (e.g., Israeli vs. Japanese) determines 
steroid responsiveness. 
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FIG. 1. Structures of glucocor- 
ticoids reported to have effects 
on intraocular pressure. These 
steroids have varying propensi- 
ties to induce ocular hyperten- 
sion in humans (see text for de- 
tails). 
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Antiinflammatory Steroids and IOP 

A variety of glucocorticoids have been shown to 
increase intraocular pressure in humans (Fig. 1). 
Factors determining the degree of glucocorticoid- . 
induced ocular hypertension include the GC dost 
and potency, ocular bioavailability and metabolism, 
route of administration, and duration of treatment. 
The majority of topical ocular glucocorticoids ap- 
pear to have relatively favorable rates of corneal 
penetration. The ability of certain glucocorticoids 
to induce ocular hypertension in steroid responders 
is dose dependent (47,48). In general, the propen- 
sity of certain glucocorticoids to generate ocular hy- 
pertension closely matches their antiinflammatory 
potency (47-50); For example, the synthetic gluco- 
corticoids dexamethasone (DEX) and betametha- 
sone are potent antiinflammatory agents and also 
have the greatest propensity to raise IOP (47-54). 
Various forms of dexamethasone, including the free 
alcohol, 21 -phosphate, and 21 -acetate, are all effec- 
tive at inducing IOP rises (47,49-51,54). The cor- 
nea, as well as other tissues in the anterior cham- 
ber, have the capacity to metabolize DEX- 
phosphate and DEX-acetate to the parent free 
alcohol (55). Prednisolone, prednisolone phos- 
phate, and prednisolone acetate are also relatively 
potent antiinflammatory agents that can induce sig- 
nificant ocular hypertension (49,53,56,57). Gluco- 
corticoids with intermediate antiinflammatory ac- 
tivity such as fluorometholone (FML) (48-50,52, 
58), clobetasone butyrate (53,57), hydrocortisone 
(Cortisol) (47,49), and tetrahydrotriamcinolone (47- 
49), are capable of generating ocular hypertension 
in steroid responders and glaucoma patients, but to 
a lesser degree than the more potent glucocorticoids 
such as dexamethasone and betamethasone. Al- 
though FML appears to be a potent glucocorticoid 
in vitro (49), its lower antiinflammatory and ocular 
hypertensive activity in vivo may be due to ocular 
metabolism and subsequent inactivation (9,21) as 
well as its relatively poor rate of ocular penetration 
(59). The relatively weak antiinflammatory agent 
medrysone (49) has little propensity to induce ocu- 
lar hypertension (47-50,60), although a significant 
pressure increase with medrysone administration 
has been reported in one patient (60). 

Loteprednol etabonate, FML acetate, and rimex- 
olone are new topical ocular antiinflammatory ste- 
roids undergoing extensive clinical evaluation. 
Loteprednol etabonate was designed as a 4 4 soft me- 
tabolizable" glucocorticoid that would have antiin- 



flammatory activity at the site of application and be 
inactivated systemically. Some metabolic inactiva- 
tion occurs in the eye (61), which may be responsi- 
ble for the reported lower propensity of loteprednol 
etabonate to raise IOP in steroid responders (56). 
FML acetate appears to be a more potent ocular 
antiinflammatory agent than FML (62), perhaps due 
to its greater ocular penetration (21). A clinical 
study in steroid responders has shown that topical 
administration of 0.1% FML acetate is less apt to 
raise IOP than 0.1% DEX (54). Rimexolone has 
been reported to be an effective antiinflammatory 
agent comparable to prednisolone acetate, but with 
a more limited potential to raise IOP (63). 

Clinical Aspects 

Glucocorticoid-induced ocular hypertension due 
to the topical ocular administration of a potent glu- 
cocorticoid is generally progressive over the course 
of weeks or months. It is not unusual to get dra- 
matic intraocular pressure increases (e.g., IOPs 40- 
50 mm Hg) after 4-6 weeks of topical ocular admin- 
istration with a potent glucocorticoid such as dexa- 
methasone or betamethasone in steroid responders. 
In general, the ocular hypertension is reversible 
upon withdrawal of the glucocorticoid treatment 
(16,17), although cases of irreversible IOP elevation 
have been reported (35,64). The duration of topical 
glucocorticoid treatment may be one factor in de- 
termining the reversibility of the glucocorticoid- 
induced ocular hypertension (65). 

Glucocorticoid-induced glaucoma (GIG) is an iat- 
rogenic secondary form of open angle glaucoma. Its 
clinical characteristics are very similar to POAG 
with elevated pressure, a normal-appearing anterior 
chamber angle by gonioscopic examination, glauco- 
matous damage to the optic nerve, and characteris- 
tic visual field loss (18-20). GIG is generally differ- 
entiated from POAG by careful analysis of the pa- 
tient's medication history. It is possible for a patient 
who has previously been treated with glucocorti- 
coids to present with clinical features of normal ten- 
sion glaucoma, because the ocular hypertensive 
phase is often reversible upon discontinuation of 
the glucocorticoid therapy, but the damage to the 
optic nerve persists (66). GIG in infants may mimic 
congenital glaucoma with the development of buph- 
thalmia and edematous corneas (67). 

Glucocorticoids have been shown to induce ocu- 
lar hypertension when administered by a variety of 
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ocular routes, including topical ocular drops, topi- 
cal ointments (68,69), periocular injections (70,71), 
as well as by systemic routes of administration (11, 
13,15,29). The administration of intraocular reposi- 
tory glucocorticoids can lead to dangerous eleva- 
tions of IOP even in patients who ace resistant to 
topical ocular steroid-induced ocular hypertension / 
(71). There have been several recent reports of ste- 
roid-induced ocular hypertension and glaucoma in 
patients using inhaled glucocorticoids (72,73). In 
patients who receive glucocorticoids by two routes 
of administration (e.g., topical ocular as well as sys- 
temic), the propensity to develop ocular hyperten- 
sion may be additive (74). The IOP response to sys- 
temic glucocorticoid administration appears to re- 
quire longer treatment times and to involve a lower 
percentage of patients than topical ocular steroid 
administration (19,20,74). There have been several 
reports of ocular hypertension in patients with 
Cushing's syndrome who have elevated levels of 
the endogenous glucocorticoid Cortisol (75,76). 
Pressures returned to normal when the patients 
were surgically treated to remove the source of ex- 
cess Cortisol production. 

Aqueous Dynamics 

There have been a variety of studies on the ef- 
fects of glucocorticoids on aqueous humor dynam- 
ics, and it is generally considered that glucocorti- 
coids exert their effects on IOP by increasing aque- 
ous humor outflow resistance without dramatically 
affecting the rate of aqueous humor formation. Both 
topical ocular (16,17,39) as well as systemic (15) 
glucocorticoid administration can decrease the 
aqueous outflow facility to glaucomatous levels. 
This steroid-induced ocular hypertension has also 
been associated with marked changes in the trabec- 
ular meshwork. Trabeculectomy samples from GIG 
patients have shown significant morphological 
changes in the trabecular meshwork including the 
marked deposition of fibrillar and amorphous extra- 
cellular material in the cribriform region and in ad- 
jacent trabecular beams, densification of the cribri- 
form region, occlusion of the aqueous outflow chan- 
nels, and "activation" of some of the remaining 
trabecular cells (77-80). 

Glucocorticoids may also have an acute effect 
(within hours) on intraocular pressure in addition to 
their more chronic effect on the aqueous humor out- 
flow facility. Endogenous glucocorticoid levels are 
correlated with the diurnal variation in IOP seen in 
both animals and humans (81,82), although a recent 



study appears to have ruled out a causal role for 
glucocorticoids in this regulation in humans (83). 
Glaucoma patients given oral dexamethasone have 
been reported to develop acute increases in IOP 
within hours of the glucocorticoid administration 
(84). The mechanism(s) responsible for this acute 
steroid-induced ocular hypertension is currently un- 
known. 

ANIMAL MODELS OF 
GLUCOCORTICOID-INDUCED OCULAR 
HYPERTENSION 

In addition to humans, several other animal spe- 
cies have been shown to develop ocular hyperten- 
sion when treated with glucocorticoids. Rabbits 
treated topically or by subconjunctival injections of 
the potent glucocorticoid dexamethasone generate 
a 5-10 mm Hg rise in IOP over the course of 2-6 
weeks of treatment (85-91). Younger rabbits appear 
to be more susceptible to the development of ste- 
roid-induced ocular hypertension (89). The steroid- 
induced pressure elevation is due to a decrease in 
the aqueous humor outflow facility (85) and is as- 
sociated with morphological changes in the trabec- 
ular meshwork consisting of increased deposition of 
glycosaminoglycans (GAGs), amorphous ground 
substance and collagen fibrils, as well as activation 
of trabecular cells (87,88). Changes in the biochem- 
ical composition of the trabecular meshwork GAGs 
involving decreases in hyaluronate and increased 
deposition of chondroitin sulfate occurred in the 
eyes of dexamethasone-induced ocular hyperten- 
sive rabbits (89,90). In the majority of studies, the 
development of rabbit glucocorticoid-induced hy- 
pertension occurred progressively over the course 
of 2-6 weeks. However, there has been one report 
of acute rises in IOP in rabbits after only 1-2 days of 
topical ocular dexamethasone treatment (91). The 
rabbit may not be an ideal model in which to study 
glucocorticoid-induced ocular hypertension. Rab- 
bits appear to become resistant to the ocular hyper- 
tensive effects of glucocorticoids when treated for 
periods greater than 6-8 weeks (86). In addition, 
they are very sensitive to glucocorticoids so that 
topical ocular glucocorticoid treatment often causes 
significant systemic side effects including loss in 
body weight, adrenal atrophy, excessive glycogen 
deposition in the liver, and sometimes death of the 
animal. 

Glucocorticoid-induced ocular hypertension has 
also been reported in three other species. Adult cats 
developed significant ocular hypertension after 2-3 
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weeks of topical ocular dexamethasone administra- 
tion (92,93). This ocular hypertension was the result 
of a decreased aqueous outflow facility which was 
most likely due to increased extracellular matrix de- 
position in the outflow channels (93). Unlike rabbits 
treated topically with glucocorticoids, there did not 
appear to be significant systemic effects (i.e., loss in 
body weight) in these cats. Adult dogs treated top- 
ically with dexamethasone over the course of sev- 
eral months have also been reported to develop oc- 
ular hypertension (94). 

One group has reported that topical ocular or sub- 
conjunctival administration of potent glucocorti- 
coids to rhesus, pigtail, and cynomolgus monkeys 
for several months failed to produce ocular hyper- 
tension (95). In contrast, weekly subTenon's injec- 
tions of a slow release form of dexamethasone 
(DEX-acetate) in young Macaque monkeys gener- 
ated ocular hypertension (>5 mm Hg rise in pres- 
sure) in —40% of the treated animals over the 
course of 4-8 weeks (96). In addition, preliminary 
data (Chandler M, McLaughlin M, and Clark AF, 
1995, unpublished observations) suggest that topi- 
cal ocular administration of 0.1% dexamethasone 
tid for 4 weeks induced significant IOP elevation 
(+ 10 mm Hg) in five out of 11 cynomolgous mon- 
keys, and this ocular hypertension was reversible 
after discontinuation of DEX administration. There 
was no apparent ocular or systemic toxicity evident 
in any of these studies. The discrepancy between 
these studies may be due to methodological differ- 
ences. In the first study which reported a lack of 
steroid responsiveness, the monkeys were un- 
treated or the right eye treated with topical ocular 
0.1% DEX (tid) or subconjunctival injections of 
methylprednisolone acetate every 2 weeks for 3 
months (95). The outflow facility of the steroid- 
treated and untreated monkeys was determined by 
the constant pressure servoperfusion technique, 
and there were no apparent differences in the fre- 
quency distribution of outflow facilities between 
treated and untreated eyes. In the latter two stud- 
ies, which demonstrated steroid responsiveness, 
the monkeys were treated bilaterally by weekly 
subTenon's injections of DEX-acetate for several 
months (96) or by topical ocular administration of 
0.1% DEX (tid) for 4 weeks (Chandler M, 
McLaughlin M, Clark AF, 1995, unpublished obser- 
vations), and IOPs were measured by applanation 
pneumotonometry both before and during treat- 
ment. 

It therefore appears that, in addition to humans, 



ocular glucocorticoid administration can induce oc- 
ular hypertension, decrease aqueous humor out- 
flow, and biochemically as well as morphologically 
alter the trabecular in a variety of animals. 

ASSOCIATION OF GLUCOCORTICOIDS WITH 
PRIMARY OPEN ANGLE GLAUCOMA 

Over the past 30 years, a number of investigators 
have suggested that glucocorticoids may be in- 
volved in the pathogenesis of primary open angle 
glaucoma. Although there is no clear evidence for a 
direct involvement of steroids in glaucoma, there 
are a number of studies implicating their association 
with this disease. 

As discussed earlier, topical ocular administra- 
tion of a potent glucocorticoid can lead to the gen- 
eration of significant elevations in intraocular pres- 
sure in 4-6% of the general population. These sub- 
jects are referred to as "steroid responders." In a 
prospective study, Kitazawa and Horie (97) fol- 
lowed a group of steroid responders for at least 10 
years and found that the steroid responders were 
more likely to eventually develop POAG compared 
to those subjects who were determined to be non- 
responders. Lewis et al. (98) retrospectively exam- 
ined a large group of steroid responders and re- 
ported that these patients also had a higher risk of 
developing POAG compared to age-matched nonre- 
sponders. Both of these studies as well as studies 
demonstrating increased steroid responsiveness in 
close relatives of POAG patients (38-41) suggest 
that steroid responsiveness may be an important 
risk factor in the development of POAG. 

A number of groups have independently reported 
that POAG patients have elevated levels of the en- 
dogenous glucocorticoid, Cortisol, in their blood 
compared to age-matched subjects without POAG 
(99-102) as well as increased levels of a noncortisol 
glucocorticoid in the plasma of POAG patients 
(103). One group has also found higher levels of 
Cortisol in the aqueous humor of POAG patients 
than in nonglaucomatous patients undergoing cata- 
ract extraction (100). One of the difficulties in inter- 
preting these studies is the significant natural diur- 
nal fluctuation in blood Cortisol levels in which 
plasma Cortisol levels can vary by as much as 10- 
fold (104). Plasma Cortisol levels can also signifi- 
cantly change depending on the nutritional (feeding/ 
fasting times) and stress status of the subjects. Sev- 
eral early studies (105,106) have suggested that 
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stress is a risk factor for the development of POAG, 
which may implicate stress hormones, such as Cor- 
tisol, as being associated with the disease. 

It has also been suggested that POAG is primarily 
a systemic defect in the pituitary-hypothalamus- 
adrenal axis. This suggestion is based on studies of 
increased sensitivity of POAG patients and IOP ste- 
roid-responders to plasma Cortisol suppression after 
systemic challenge with oral dexamethasone 
(107,108). However, it does not appear that the Cor- 
tisol suppression test is a useful predictor of the 
development of POAG. In a prospective study of 
high IOP respohders to topical glucocorticoids, 
there was no difference in the plasma Cortisol re- 
sponsiveness to oral dexamethasone administration 
between those individuals who developed glauco- 
matous visual field changes and those who did not 
(109). The increased sensitivity of cultured, mi to- 
gen-stimulated peripheral blood lymphocytes iso- 
lated from POAG patients and exposed to varying 
concentrations of glucocorticoids has been cited as 
evidence of a systemic steroid defect in these pa- 
tients (110-112), but several other laboratories 
could not confirm these results (113-115). These 
contrasting results may be explained in part by 
methodological differences between the studies as 
well as a potential heterogeneity in responsiveness 
within the glaucoma population. Further evidence 



for a lack of increased glucocorticoid sensitivity in 
glaucoma patients comes from a study reporting no 
difference in the number of glucocorticoid receptors 
or glucocorticoid binding affinity between skin fi- 
broblasts isolated from POAG patients and normal 
controls. In addition, there was no difference in re- 
sponsiveness of these cells to glucocorticoids as as- 
sessed by 3 H-thymidine incorporation (116). 

It has been suggested that POAG is due to an 
ocular and/or systemic defect in Cortisol metabo- 
lism (117,118,120). The major route of Cortisol me- 
tabolism is shown in Fig. 2. Southren et al. reported 
that trabecular meshwork cells obtained from 
POAG patients selectively generate the Cortisol me- 
tabolite 5-dihydrocortisol (DHF), in contrast to TM 
cells from normals, which do not significantly me- 
tabolize Cortisol. This production of DHF is due to 
increased steroid A 4 -reductase activity and de- 
creased 3-hydroxysteroid dehydrogenase activity 
(117,118). However, a recent review has questioned 
the proper verification of these cells as authentic 
TM cells and the apparent reliance of this hypoth- 
esis on cells obtained from a single glaucoma pa- 
tient (119). Additional work has suggested that 
there may be a systemic defect in Cortisol metabo- 
lism in POAG. The authors report that peripheral 
white blood cells from POAG patients have a 2-fold 
reduction in 3-hydroxysteroid dehydrogenase activ- 



FIG. 2. Major pathway for Cortisol metabo- 
lism. Enzymes: 1, 5a-A 4 -reductase; 2, 50-A 4 - 
reductase; 3, 3-hydroxysteroid dehydroge- 
nase. Altered Cortisol metabolism and the 
Cortisol metabolite dihydrocortisol have 
been implicated in the pathogenesis of pri- 
mary open angle glaucoma (see text for de- 
tails). 
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ity compared to age-matched control subjects (120). 
They have proposed that dihydrocortisol (DHF) is 
involved in the pathogenesis of POAG, and have 
reported that DHF can potentiate the action of 
dexamethasone in cultured TM cells (121) and. in 
rabbit IOP studies (122,123). The mechanism>of ac- 
tion of DHF is currently unknown. The metabolism 
of Cortisol to DHF eliminates glucocorticoid hor- 
mone activity (124), but interestingly, DHF has 
been shown to have significant mineralocorticoid 
activity (125). Other investigators have suggested 
that mineralocorticoids may play a role in the reg- 
ulation of aqueous humor dynamics (1,2,126). Con- 
trary to this hypothesis, elevated levels of DHF 
were not found in the aqueous humor of POAG pa- 
tients (127); Out of all tissues in the eye, it appears 
that the lens is the most active in metabolizing Cor- 
tisol (127,128), and aqueous humor levels of DHF 
may be primarily due to Cortisol metabolism by the 
lens rather than by the TM. We have recently dis- 
covered that the lens has the type 1 5a-A 4 -reductase 
isoenzyme with relatively high specific activity 
(Clark AF, Lane D, and Russell DW, 1995, unpub- 
lished observations). It should be noted that al- 
though most of the reported studies of dihydrocorti- 
sol in the TM have used the 5(3-isomer of DHF, the 
predominant isomer found in the aqueous humor 
and made by the lens is 5a-DHF. However inter- 
esting the reported association of Cortisol metabo- 
lism with POAG, it needs to be independently ver- 
ified. 

To date, there is no clear picture on what role, if 
any, glucocorticoids play in the pathogenesis of 
POAG. A number of studies have suggested that 
glucocorticoids are in many ways associated with 
POAG, and some of these studies have been inde- 
pendently confirmed in different laboratories. It is 
possible that glucocorticoids are just one of the 
many risk factors associated with POAG, or that 
glucocorticoids may play a role in the pathogenesis 
of glaucoma in only a subset of POAG patients. The 
generation of glucocorticoid-induced glaucoma is 
clearly related to the ocular hypertensive action of 
these agents. Although ocular hypertension is an 
important risk factor for the development of POAG, 
factors other than ocular hypertension may also 
play an important role in the pathogenesis of this 
heterogeneous group of diseases. Therefore, gluco- 
corticoid-induced glaucoma may serve as a useful 
model in which to understand one important aspect 
of POAG, but it may not necessarily reflect all the 
different aspects of these diseases. 



EFFECTS OF GLUCOCORTICOIDS ON THE 
TRABECULAR MESHWORK 

Whether or not glucocorticoids are directly in- 
volved in the pathogenesis of glaucoma, they do 
provide a useful model system in which to study the 
Cellular and biochemical mechanisms involved in 
POAG because they are capable of generating a dis- 
ease which is in many ways very similar to POAG. 
As discussed in the previous section, ocular and 
systemic administration of potent glucocorticoids 
can generate a progressively elevated intraocular 
pressure which is due to increased aqueous humor 
outflow resistance and is associated with specific 
morphological changes in the trabecular meshwork. 
Glucocorticoid-induced ocular hypertension can 
eventually cause secondary open angle glaucoma. 
A number of investigators have examined the ef- 
fects of glucocorticoids on the trabecular meshwork 
in attempt to better understand GIG and primary 
open angle glaucoma. 

An important model system for these studies is 
cultured human trabecular meshwork cells. Cul- 
tured TM cells share many properties with TM cells 
in situ; both (a) synthesize and secrete very similar 
extracellular matrix molecules (129-131), (b) have 
identical cytoskeletal elements including smooth 
muscle a-actin (132-135), (c) are phagocytic 
(136,137), (d) express similar extracellular protein- 
ases (138), and (e) have similar junctional com- 
plexes (139,140). It is therefore argued that cultured 
TM cells are an appropriate model for studying 
many of the biological properties of the TM. The 
TM, like many tissues, functions as a tissue matrix 
that involves a dynamic interaction between the ex- 
tracellular matrix, the TM cell membrane, the cyto- 
skeleton, and the TM cell nucleus. Because of this 
extensive connectivity, it is not unexpected that 
glucocorticoids have been shown to influence all of 
these components of the TM. 

TM cells are expected to be targets for glucocor- 
ticoid action since they contain intracellular gluco- 
corticoid receptors (3,4). The treatment of cultured 
human TM cells with glucocorticoids has been 
shown to (a) alter gene expression (1 19,141,142), (b) 
reorganize the TM cytoskeleton (132,143), (c) in- 
crease the deposition of certain TM extracellular 
matrix components (130,144,145), (d) inhibit extra- 
cellular proteinase activities (146,147), (e) induce 
the expression of specific TM proteins (119,142, 
148,149), (f) inhibit TM cell phagocytosis (119,142), 
proliferation (132,142), and migration (132), and (g) 
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alter TM cell morphology (132,143). Any one of 
these activities, or combination of these activities, 
may be responsible for the generation of glucocor- 
ticoid-induced glaucoma. 

Based on these data, we would like to propose 
the following hypothesis for the development of glu- 
cocorticoid-induced ocular hypertension, and glau- 
coma (Fig. 3). Glucocorticoids (either endoge- 
nously generated or exogenously applied) enter the 
TM cells and activate the glucocorticoid receptor 
which alters the expression of specific TM cell 
genes. This altered gene expression causes changes 
in the TM cytoskeleton, extracellular matrix, mem- 
brane junctional proteins, and perhaps also cell ad- 
hesion molecules. Several important TM cell func- 
tions are inhibited which subsequently leads to in- 
creased aqueous humor outflow resistance and the 
development of ocular hypertension. The elevated 
IOP can eventually damage the optic nerve head 
and retinal ganglion cells in certain individuals 
which results in the characteristic glaucomatous vi- 
sual field loss. Although this may appear to be an 
attractive hypothesis, one must remember that it is 
based in large part on studies that have been con- 
ducted with TM cells grown in culture. Care should 
be taken when extrapolating morphological and bio- 

TM Cells + Glucocorticoids 

» 

Altered TM Cell Gene Expression 

» 

Biochemical Changes in TM (ECM, Cytoskeleton, Etc.) 

i 

Altered TM Cell Function(s) 

i 

Increased Aqueous Outflow Resistance 

i 

Elevated IOP 

» 

Damage to ONH & Retinal Ganglion Cells 

i 

Glaucomatous Visual Field Changes 

FIG. 3. Hypothesis for glucocorticoid-induced ocular hyper- 
tension and glaucoma. 



chemical changes reported in cultured TM cells to 
changes in the outflow facility and TM in situ. 
There has been much less work studying the effects 
of glucocorticoids on TM cells in situ. 

There are certain limitations to studying the ef- 
fects of glucocorticoids on cultured TM cells. There 
are many aspects of the morphology and biochem- 
istry of TM cells cultured as a monolayer on culture 
dishes, coverslips, or membranes that are similar to 
TM cells in situ. However, the TM is a reticulated 
network of cells and extracellular matrix which can- 
not be mimicked in cell culture, and it is important 
to determine whether specific glucocorticoid- 
mediated effects on the TM are directly associated 
with increased outflow resistance and elevated IOP. 
Using an isolated perfusion culture system (144), 
we have shown that perfusion with DEX (10~ 7 M) 
for 10-14 days was able to cause an average pres- 
sure rise of 17 mm Hg corresponding to a 50% re- 
duction in outflow facility in -30% of the treated 
eyes compared to their contralateral untreated eyes 
(150). The degree of DEX responsiveness in the 
perfusion cultured human eyes is remarkably simi- 
lar to that seen in clinical studies. The DEX- 
induced ocular hypertensive perfused eyes devel- 
oped many morphological changes in the TM which 
were very similar to those reported in patients with 
GIG (77-80), and at least some of the glucocorticoid- 
induced changes seen in cultured TM cells also oc- 
cur in DEX perfused ocular hypertensive eyes. This 
supplies further evidence for the usefulness of these 
culture systems for the study of the pathogenesis of 
impaired aqueous outflow and ocular hypertension. 

STEROIDS WHICH LOWER IOP 

In contrast to glucocorticoids, which have the 
propensity to cause ocular hypertension, a variety 
of steroids have been reported to lower IOP, offer- 
ing hope that some of these compounds may be 
useful antiglaucoma agents. Agonists or antagonists 
from every class of steroid hormone have been re- 
ported to lower IOP, including estrogens, andro- 
gens, progestins, mineral ocorticoids, and glucocor- 
ticoids (Fig. 4). 

Estrogens and progestins have been suggested to 
play a role in cyclic variations in IOP during the 
menstrual cycle and during pregnancy in females 
(151,152), although not all evidence supports this 
contention. A detailed and careful analysis failed to 
correlate changes in endogenous serum progester- 
one with aqueous humor dynamics during the men- 
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FIG. 4. Structures of steroids reported to 
lower IOP in humans and/or animals. 
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strual cycle (153). However, the systemic adminis- 
tration of exogenous progesterone has been re- 
ported to rapidly (within hours) lower IOP in 
glaucoma patients (154,155). The topical ocular ad- 
ministration of the pr/ogestins progesterone, qu- 
ingestanol acetate, or norethisterone appear to in- 
dividually be able to lower IOP in rabbits and pri- 
mates (156). The mechanism(s) responsible for the 
progestin-induced IOP-lowering activity is cur- 
rently not clear as it has been reported to increase 
outflow in humans (155) and suppress aqueous for- 
mation in rabbits (156). Oral administration of the 
estrogen mestranol (0.1 mg/day) alone, or in com- 
bination with the progestin ethynodiol diacetate, for 
several months gradually lowered intraocular pres- 
sure and increased the aqueous humor outflow fa- 
cility in normal volunteers (157). The combination 
of mestranol and norethynodrel was also reported 



to significantly lower IOP in POAG patients already 
on maximum therapy (158). 

Ocular administration of the anabolic androgens 
methyltestosterone and oxandrolone has been re- 
ported to lower DEX-induced ocular hypertension 
in rabbits (159) and primates (160). In addition, me- 
thyltestosterone has been shown to normalize 
DEX-induced altered glycosaminoglycan profiles in 
the TM of these animals. It is therefore hypothe- 
sized that these androgens lower IOP by increasing 
aqueous outflow. The finding that it generally takes 
1-2 weeks of ocular androgen treatment for the oc- 
ular hypotensive effect also supports this conten- 
tion. 

Mineralocorticoids have been reported to play a 
role in the regulation of aqueous humor production 
(1,2,126), possibly by controlling the rate of aque- 
ous formation. Receptors for mineralocorticoids 
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have been identified in the ciliary body (1,2), and 
the topical administration of the natural mineralo- 
corticoid aldosterone appears to induce ocular hy- 
pertension in rabbits (126). The topical ocular ad- 
ministration of the mineralocorticoid antagonist spi- 
ronolactone has been reported to alter aqueous 
humor electrolytes (161) and lower IOP in rabbits , 
(126). The ocular hypotensive activity of mineralo- 
corticoid antagonists was also demonstrated in 
glaucoma patients treated for several weeks with 
200 mg spironolactone/day (162). 

Because glucocorticoids can alter IOP by increas- 
ing aqueous humor outflow resistance, it may be 
possible to lower IOP through the use of a gluco- 
corticoid antagonist. Mifepristone (RU486) is a po- 
tent antiprogestin (163) that also has significant 
glucocorticoid antagonist activity (163,164). Mife- 
pristone was designed as a progestin receptor an- 
tagonist with nanomolar receptor binding affinity, 
and has been shown to be a potent glucocorticoid 
receptor antagonist. RU486 was shown to compet- 
itively displace dexamethasone from the glucocor- 
ticoid receptor of the rabbit iris-ciliary body 
(165,166). Several reports have shown that topical 
ocular or subconjunctival administration of RU486 
can lower the IOP of normal rabbits (167,168), al- 
though this 1-2 mm Hg IOP-lowering appears to be 
only marginally significant. The topical ocular ad- 
ministration of RU486 appears to partially block 
glucocorticoid-induced ocular hypertension in rab- 
bits (166,169). An analog of RU486 designed for 
improved ocular bioavailability had no apparent 
effect on IOP of rabbits (170), although the authors 
did not demonstrate that this analog did, in fact, 
enter the eye. Several other IOP-lowering steroids 
(progesterone and methyltestosterone) have weak 
glucocorticoid antagonist activity, and this may 
be partially responsible for their IOP-lowering ac- 
tivity. 

Topical ocular administration of tetrahydrocorti- 
sol (THF), a natural metabolite of Cortisol, has been 
reported to lower IOP in DEX-induced ocular hy- 
pertensive rabbits but does not alter the IOP of nor- 
motensive rabbits (171). THF is devoid of glucocor- 
ticoid agonist or antagonist activity (172; Clark AF, 
Lane D, Wilson K, et al., 1995, unpublished obser- 
vations). It lacks classical glucocorticoid in vivo 
and in vitro activities (i.e., antiinflammatory, loss in 
body weight, induction of systemic hypertension, 
etc.), nor does it antagonize these DEX-induced ef- 
fects. In addition, it is not a glucocorticoid receptor 
antagonist because it has no affinity for the human 



glucocorticoid receptor (172). Even though THF is 
not a glucocorticoid antagonist in the classical 
sense, it has been shown to inhibit DEX-induced 
cytoskeletal changes in cultured human TM cells in 
a time and dose-dependent manner (172,173). DEX- 
induced alterations in the TM cytoskeleton have 
been proposed to be involved in the generation of 
ocular hypertension (132,143). THF alone appears 
to alter the TM cytoskeleton (172,173) as well as 
regulate TM cell gene expression (149) independent 
of the glucocorticoid receptor. THF can modify the 
expression of certain TM proteins which are also 
regulated by glucocorticoids (149). A preliminary 
study has suggested that the topical ocular admin- 
istration of 1% THF qid for 2-6 weeks lowered IOP 
in eight out of nine POAG patients (174). A larger 
double masked clinical trial is required to further 
evaluate the utility of THF as an antiglaucoma 
agent. 

The steroids reported to lower IOP belong to 
diverse steroid classes. Do they all work through 
separate mechanisms, or do they work via a com- 
mon mechanism? Two metabolites of Cortisol, 
tetrahydrocortisol (THF) and tetrahydrocortex- 
olone (THS), were originally thought to be biologi- 
cally inactive. However, recent studies have dem- 
onstrated that THF is capable of lowering IOP 
in ocular hypertensive eyes (171,174), and THS 
has angiostatic activity with the ability to inhibit 
the growth of new blood vessels (175). It now 
appears that there is a correlation between the 
IOP-lowering activity and angiostatic activity of 
certain steroids (159). Angiostatic steroids such 
as THF, THS, AL-3913, AL-3798, and AL-4077 
have been shown to lower IOP in DEX-induced 
ocular hypertensive rabbits. In addition, steroids 
with IOP-lowering activity such as methyltesto- 
sterone, oxandrolone, and ethynylestradiol have 
been shown to have angiostatic activity in the 
chicken embryo chorioallantoic membrane (CAM) 
model of neovascularization (159). Therefore, there 
is a correlation of two apparently different activi- 
ties among steroids of diverse structure. The IOP- 
lowering action of all these steroids generally 
requires at least 1-2 weeks of treatment, and indi- 
rect evidence suggests that the mechanism of ac- 
tion is at the aqueous outflow facility. Current ef- 
forts are focused at determining both the IOP- 
lowering and angiostatic molecular mechanism(s) of 
action of these agents. The potential use of these 
agents for the treatment of glaucoma awaits further 
testing. 
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